Our genetic material is continuously challenged by genotoxic stress. DNA damage can arise during normal cellular metabolic processes such as DNA replication, from endogenous sources such as free radicals, or from exogenous agents such as ultraviolet light and ionising radiation. To ensure genome stability, cells have evolved the ability to sense DNA damage, activate the cell cycle checkpoint and initiate DNA repair (BOX 1). Failure to properly repair damaged DNA contributes to tumori genesis 1 . This is exemplified by numerous cancer predisposing clinical syndromes that are attributed to mutations in components involved in cellular processes that counteract genotoxic stress. Indeed, it has been proposed that activation of the DNA damage response is a general protective mechanism during early tumori genesis, and that inactivating mutations of this anti cancer barrier correlates with genomic instability and tumour progression 2, 3 . With the development of RNA interference tech nology and advanced proteomics, we have witnessed unprecedented expansion in our knowledge of the DNA damage response over the past few years. These techno logical advances have revealed a highly complex protein network that allows the timely, efficient and coordi nated activation of cellular responses to DNA damage. Specifically, the tumour suppressor breast and ovarian cancer type 1 susceptibility protein (BRCA1) has taken centre stage, being intimately involved in diverse cell ular processes that ensure genome stability and promote cell survival. Through its ability to form complexes with other proteins, BRCA1 has dedicated and complemen tary roles in the DNA damage response, including cell cycle checkpoint control and DNA repair. Thus, BRCA1 is emerging as a master regulator of genome integrity. In this Review we discuss recent progress in elucidating the roles of BRCA1 in DNA damage responses, with an emphasis on how the temporal and spatial regulation of BRCA1 enables it to act as the master regulator of genome integrity.
Our genetic material is continuously challenged by genotoxic stress. DNA damage can arise during normal cellular metabolic processes such as DNA replication, from endogenous sources such as free radicals, or from exogenous agents such as ultraviolet light and ionising radiation. To ensure genome stability, cells have evolved the ability to sense DNA damage, activate the cell cycle checkpoint and initiate DNA repair
. Failure to properly repair damaged DNA contributes to tumori genesis 1 . This is exemplified by numerous cancer predisposing clinical syndromes that are attributed to mutations in components involved in cellular processes that counteract genotoxic stress. Indeed, it has been proposed that activation of the DNA damage response is a general protective mechanism during early tumori genesis, and that inactivating mutations of this anti cancer barrier correlates with genomic instability and tumour progression 2, 3 . With the development of RNA interference tech nology and advanced proteomics, we have witnessed unprecedented expansion in our knowledge of the DNA damage response over the past few years. These techno logical advances have revealed a highly complex protein network that allows the timely, efficient and coordi nated activation of cellular responses to DNA damage. Specifically, the tumour suppressor breast and ovarian cancer type 1 susceptibility protein (BRCA1) has taken centre stage, being intimately involved in diverse cell ular processes that ensure genome stability and promote cell survival. Through its ability to form complexes with other proteins, BRCA1 has dedicated and complemen tary roles in the DNA damage response, including cell cycle checkpoint control and DNA repair. Thus, BRCA1 is emerging as a master regulator of genome integrity. In this Review we discuss recent progress in elucidating the roles of BRCA1 in DNA damage responses, with an emphasis on how the temporal and spatial regulation of BRCA1 enables it to act as the master regulator of genome integrity.
Domain organization of BRCA1
Germline mutations of the human BRCA1 gene account for most familial cases of breast and ovarian cancer. BRCA1, which is located on chromosome 17q21 (Ref. 4) , encodes a protein of 1,863 amino acids. BRCA1 harbours a highly conserved aminoterminal RING domain and tandem BRCT domains at the end of its carboxyl termi nus. The RING domain is a motif found in many e3 ubiquitin ligases and is recognized as an important structure that mediates protein ubiquitylation. The BRCT domain is a motif that binds phosphorylated proteins 5, 6 (fIG. 1) and is present in many proteins that respond to DNA damage. The fact that these highly conserved domains are frequently targeted by many clinically important mutations indicates that they are integral for BRCA1 function. Although BRCA1 was cloned more than a decade ago 4 , it was not until recently that the roles of the RING and BRCT domains have begun to emerge. Studies have now revealed the mechanism by which these domains confer the tumour suppressor func tions of BRCA1. Intriguingly, evolutionarily conserved stretches of amino acids can also be found on other parts of the BRCA1 coding region, suggesting that much about BRCA1 remains to be unravelled.
Sequences encompassing the RING domain of BRCA1 mediate its stable association with BRCA1associated RING domain protein 1 (BARD1) 7 . Heteromeric forma tion of the BRCA1-BARD1 dimer has been implicated in the maintenance of genomic stability and tumour suppression through its involvement in DNA damage
E3 ubiquitin ligase
A protein or protein complex that covalently attaches ubiquitin moieties to its target protein by an isopeptide bond. e3 ubiquitin ligases usually provide the substrate specificity for a ubiquitylation reaction that involves an e1 ubiquitin-activating enzyme and an e2 ubiquitin-conjugating enzyme. Two major classes of e3 ubiquitin ligases have been defined based on their conserved HeCT and RING domains. Abstract | The breast and ovarian cancer type 1 susceptibility protein (BRCA1) has pivotal roles in the maintenance of genome stability. Studies support that BRCA1 exerts its tumour suppression function primarily through its involvement in cell cycle checkpoint control and DNA damage repair. In addition, recent proteomic and genetic studies have revealed the presence of distinct BRCA1 complexes in vivo, each of which governs a specific cellular response to DNA damage. Thus, BRCA1 is emerging as the master regulator of the genome through its ability to execute and coordinate various aspects of the DNA damage response. signalling, DNA repair and transcriptional regulation. Similar to BRCA1 mutations, BARD1 mutations have been identified in individuals with sporadic and hereditary tumours 8, 9 . moreover, a recent genomewide association study revealed BARD1 single nucleotide polymorphisms that closely associated with familial neuroblastoma 10 . establishing whether and how these BARD1 mutations contribute to tumorigenesis will require further work. BARD1 has a similar domain organization to BRCA1, comprising an Nterminal RING domain and tandem Cterminal BRCT domains. Although the physio logical role of the BARD1 BRCT domains remains to be determined, overexpression of a BARD1 mutant that is devoid of its BRCT domains compromised homologous recombination (HR)mediated DNA repair 11 . However, as this effect was observed in both BRCA1sufficient and BRCA1deficient cells, it remains unclear whether BARD1 contributes to DNA repair through its stable interaction with BRCA1.
The structure of the RING domains of BRCA1 and BARD1 in solution revealed that their respective zinc binding residues are flanked by αhelices that combine to form a fourhelix bundle with an extensive buried surface 12 . This dimeric configuration gives rise to the stability of the heterodimer. The BRCA1 RING domain, similarly to that of other RINGcontaining e3 ubiquitin ligases, has been shown to mediate the interaction with e2 ubiquitin-conjugating enzymes 13, 14 , which allows the dif ferential synthesis of monoubiquitin and polyubiquitin. Although it has yet to be determined how the BRCA1 RING domain selects these e2 enzymes in vivo, these studies imply that BRCA1 might regulate and conjugate different substrates with distinct ubiquitin species, which in turn can govern protein degradation, subcellular localization and/or activity [15] [16] [17] [18] . The BRCA1 BRCT domains are thought to be integral for the protein's ability to regulate a diverse set of cell ular processes that confer its tumoursuppressing activity. BRCA1 has been reported to interact with numerous cell cycle checkpoint and repair proteins through its BRCT domains, as well as chromatin remodelling factors and components of transcriptional machineries [19] [20] [21] [22] . Recent evidence indicates that the BRCA1 BRCT domains are responsible for phosphorylationdependent inter actions with several of its bona fide associated proteins 5, 6 , highlighting the potential for specific interactions and activation of certain BRCA1 functions during defined conditions. BRCA1 localizes at DNA breaks One of the first pieces of evidence that suggested a role of BRCA1 in the DNA damage response was the cyto logical observation that, following DNA damage, BRCA1 localizes at damageinduced foci (also known as ionis ing radiationinduced foci) 23 , which colocalize with foci where the DNA repair protein RAD51 accumulates. The DNA damageinduced foci, marked by the histone vari ant H2AX phosphorylated on Ser139 (known as γH2AX), represent sites of DNA breaks 24, 25 . γH2AX is essential for the accumulation of numerous DNA damage repair fac tors, including BRCA1 (Ref. 26) , at sites of DNA breaks, suggesting that γH2AX is one of the initial recruiting factors for various checkpoint and DNA repair proteins to DNA breaks. The H2AX signalling cascade began to emerge with the discovery that mediator of DNA damage checkpoint 1 (mDC1) is the main downstream factor in the pathway and is required for the damageinduced focal accumulation of a growing list of DNA damage repair factors at DNA breaks. mDC1 contains tandem BRCT domains, which allow its direct interaction with γH2AX 27 (because γH2AX is phosphorylated) and its accumulation at DNA breaks; this, in turn, promotes the formation of damageinduced foci where BRCA1 accumulates [28] [29] [30] [31] [32] [33] .
Box 1 | Mechanisms that maintain genome stability
Genome instability is a hallmark of cancer cell development. Mounting evidence indicates that genome instability contributes to tumorigenesis 121 . Therefore, to suppress tumorigenesis, cells have evolved several mechanisms to protect genome integrity, including cell cycle checkpoint controls and DNA repair 1 . It is now established that there is crosstalk between cell cycle checkpoints and DNA repair to ensure that cell cycle progression is halted soon after DNA damage is detected. This allows the DNA repair machinery to repair the damage before cells continue with DNA replication and cell division.
Cell cycle checkpoints are control mechanisms that result in cell cycle arrest at the G1-S interphase, during S phase and at the G2-M interphase. This ensures faithful inheritance of the genetic material. In addition, other checkpoints, including the spindle assembly checkpoint, exist during mitosis to ensure proper segregation of sister chromatids 122 . Two major repair pathways operate to repair DNA double-stranded breaks: homologous recombination (HR)-mediated repair and non-homologous end joining. The error-free HR-mediated repair uses a homologous template
, and non-homologous end joining involves the direct ligation of DNA ends, which is sometimes accompanied by a loss of genetic information. BRCA1 has two highly conserved motifs at its termini: the RING domain and tandem BRCT domains. The RING domain sequence encodes a folded protein structure and confers the E3 ubiquitin ligase activity of BRCA1, and the BRCT domains bind phosphorylated proteins that are primarily involved in the DNA damage response. BRCA1 exists as a stable heterodimer through its RING-mediated interaction with BRCA1-associated RING domain protein 1 (BARD1), which is inhibited by BRCA1-associated protein 1 (BAP1). The sites at which other BRCA1-interacting proteins bind are also shown. Important clinical mutations routinely used in research settings are indicated, such as Cys61Gly and Cys64Gly, which target the RING domains, and Met1775Arg, which disrupts the BRCA1 BRCT domain interaction with phosphorylated proteins and the accumulation of BRCA1 at damage-induced foci. The Ile26Ala mutation abrogates the BRCA1 E3 ubiquitin ligase activity and is predicted to maintain the RING structure. In addition, mutations from patients with cancer at conserved residues Leu1407Pro and Met1411Thr on the BRCA1 coiled-coil domain were found to abrogate its interaction with partner and localizer of BRCA2 (PALB2; also known as FANCN) and to compromise homologous recombination-mediated DNA repair. BACH1, BRCA1-interacting protein carboxy-terminal helicase 1; CtIP, CtBP-interacting protein; NLS, nuclear localization sequence. 
Coiled-coil domain
A structural element that is important for mediating protein-protein interactions. The sequence of coiled-coil domains contains repetitive elements of seven apolar residues that form a heptad.
Non-canonical ubiquitin chain
A diubiquitin or polyubiquitin chain comprising ubiquitin molecules that are conjugated by their Lys residues, other than Lys48. Some of these chains do not target proteins for proteosomal degradation.
Targeting BRCA1 to DNA breaks. Despite having BRCT domains, BRCA1 does not bind directly to γH2AX. The localization of BRCA1 to damageinduced foci occurs in a BRCTdependent manner, but is independ ent of the two BRCT domainbinding proteins: CtBP interacting protein (CtIP; also known as RBBP8) 34 and BRCA1interacting protein Cterminal helicase 1 (BACH1; also known as FANCJ and BRIP1) 35 . So how does BRCA1 localize to damageinduced foci? Phosphopeptide affinity proteomics analysis and affinity purification approaches identified the coiled-coil domain containing protein abraxas (also known as CCDC98 and FAm175A) as a BRCA1 BRCT domainbinding protein [36] [37] [38] . Following its phosphorylation on Ser406, abraxas interacts specifically with the BRCA1 BRCT domain, suggesting that BRCA1 forms at least three distinct protein complexes in vivo (with abraxas, CtIP and BACH1). Interestingly, the ubiquitininteracting motif (uIm)containing receptorassociated protein 80 (RAP80; also known as uImC1) was also identified as a component of the abraxas-BRCA1 complex 36, [39] [40] [41] . Detailed analyses indicate that abraxas bridges the interaction between RAP80 and the BRCA1 BRCT domain and mediates the localization of BRCA1 to sites of DNA damage. The finding that RAP80 and its uIm are required for proper BRCA1 localization following DNA damage suggested the existence of a ubiquitin dependent signalling pathway that controls the reten tion of the RAP80-abraxas-BRCA1 complex at DNA doublestranded breaks (DSBs). This was supported by the observation that ubiquitin conjugates reside at DSBs and that the RAP80 uIm specifically interacts with non-canonical ubiquitin chains, namely those linked by lys63 and lys6
All this circumstantial evidence supporting a regulatory role of ubiquitylation in the DNA damage signalling cascade finally came together with the identi fication of two e3 ubiquitin ligases -RING finger pro tein 8 (RNF8) and RNF168 -as crucial components in the transduction of DNA damage signals [42] [43] [44] [45] [46] [47] . RNF8 is thought to be the initiating e3 ubiquitin ligase, which is brought to DNA damage sites by directly inter acting with mDC1 (which binds γH2AX). Together with the e2 ubiquitinconjugating enzyme 13 (uBC13; also known as uBe2N), which catalyses exclusively lys63 linked ubiquitin chains 48 , RNF8 and RNF168 mediate histone and probably other substrate ubiquitylation reactions close to DSBs and promote the formation of ubiquitin conjugates at damageinduced foci. likewise, both RNF8 and RNF168 are required for the proper localization of the RAP80-abraxas-BRCA1 complex following DNA damage, therefore supporting the earl ier hypothesis that RAP80 is tethered to DNA breaks through its ability to directly interact with ubiquitin chains at damageinduced foci. Although the iden tity of the ubiquitylated substrates, besides histones, remains unclear, these studies have shed considerable light on the mechanistic basis underlying the spatial regulation of BRCA1 in response to DNA damage.
In addition, despite the wellknown requirement of the RAP80 uIm for RAP80 localization to damageinduced foci, RAP80 uImdeletion mutants still localized to damageinduced foci, albeit at a lower rate than wildtype RAP80 (RefS 36, 42) . Thus, it will be important to clarify whether an alternative route contributes to RAP80 targeting to the foci. A model for targeting the breast and ovarian cancer type 1 susceptibility protein (BRCA1) to damage-induced foci at DNA double-stranded breaks that involves a ubiquitin-dependent signal transduction pathway. The current hypothesis is that DNA damage (1) first triggers the ataxia telangiectasia mutated (ATM)-ataxia telangiectasia and RAD3-related protein (ATR)-dependent phosphorylation of histone variant H2AX (2). Subsequently, phosphorylated H2AX directly recruits mediator of DNA damage checkpoint 1 (MDC1), which in turn promotes the accumulation of the E3 ubiquitin ligase complex RING finger protein 8 (RNF8)-ubiquitinconjugating enzyme 13 (UBC13; also known as UBE2N) to mediate ubiquitylation of histones and other yet-to-beidentified substrates at or near the sites of DNA breaks (3). The newly identified E3 ubiquitin ligase RNF168 recognizes ubiquitylated histones and, in concert with UBC13, amplifies the local ubiquitylation events involving Lys63-linked ubiquitin chains (4). These ubiquitin chains are recognized by the ubiquitin-interacting motif (UIM)-containing receptor-associated protein 80 (RAP80; also known as UIMC1), which recruits the BRCA1A complex (including breast cancer type 1 susceptibility protein (BRCA1)) to DNA double-stranded breaks (5) . Chromatin retention of BRCA1 promotes checkpoint kinase 1 (CHK1; also known as CHEK1) phosphorylation and G2-M checkpoint activation. Ub, ubiquitin.
The functions of BRCA1 at damage-induced foci
Although recent studies have revealed that numerous levels of regulation ensure a specific BRCA1 concen tration close to DSBs, exactly how BRCA1 enforces the DNA damage response at DSBs remains largely unknown. As BRCA1 has e3 ubiquitin ligase activity 49 , perhaps it is not surprising that BRCA1 might medi ate protein ubiquitylation at DSBs, which in turn could facilitate the DNA damage response. Consistent with this possibility, early studies suggested that BRCA1 is required for the accumulation of ubiquitin conjugates at damageinduced foci 50, 51 , and that the H2A type histones (that is, H2A and H2AX) might be targets of BRCA1mediated ubiquitylation 52, 53 . Similarly, the phosphorylated form of CtIP interacts with the BRCA1 BRCT domain 54 and is modified with noncanonical ubiquitin chains in a BRCA1dependent manner 55 . Although these data indicate that BRCA1 might regu late the ubiquitylation status of a range of proteins at DSBs, the biological importance of these ubiquityla tion events awaits future investigation. Given that the BRCA1-BARD1 heterodimer catalyses the formation of different ubiquitin chains, it is tempting to speculate that each of these ubiquitin configurations might confer a specific function in the BRCA1 repertoire, including checkpoint control, DNA resection and DNA repair. moreover, because lys6 and lys63linked ubiquitin conjugates have been implicated at DSBs 41, 50 , it will be interesting to test whether these putative BRCA1 substrates at DSBs are modified exclusively with these noncanonical ubiquitin chains 56, 57 . BRCA1 might also act as a scaffold protein at damageinduced foci to facilitate ataxia telangiectasia mutated (ATm)-ataxia telangiectasia and RAD3 related protein (ATR) signalling. Indeed, early studies revealed that BRCA1 regulates the phosphorylation status of many proteins involved in ATm-ATR sig nalling, including p53, Nijmegen breakage syndrome protein 1 (NBS1; also known as nibrin), checkpoint kinase 1 (CHk1; also known as CHek1) and CHk2 (also known as CHek2) 58, 59 . Thus, it seems possible that BRCA1, perhaps through its association with these signalling proteins, might facilitate their activation by bringing them close to ATm and ATR at DNA breaks.
BRCA1-BARD1: one in many BRCA1 exists as a stable heterodimer with BARD1 (Ref. 60) , which ensures genome stability through its role in protein ubiquitylation [15] [16] [17] 61 . An early report suggested that the BRCA1-BARD1 heterodimer controls centro some duplication by regulating the ubiquitylation of γtubulin 62 . In addition, evidence also indicates that this e3 ubiquitin ligase complex modulates cell cycle control, partly by inhibiting RNA processing in response to DNA damage. The clinical importance of the BRCA1-BARD1 ubiquitin ligase activity is shown by the presence of mutations on the RING domain of BRCA1 in tumour samples, which inactivate its enzymatic activity 63 . Biochemical studies revealed that BARD1 potentiates the ubiquitin ligase activity of BRCA1 (RefS 57,63), which can be reversed through the inhibition of BRCA1-BARD1 association by BRCA1associated protein 1 (BAP1) 64 . The notion that the tumoursuppressing activity of the BRCA1-BARD1 heterodimer is interdependent is best supported by mouse models with mammary epithelial celltargeted ablation of BRCA1, BARD1 or both, which revealed striking similarities in the frequency, latency, histopathology and cytogenetic features of the observed breast carcinomas 65 . moreover, formation of the hetero dimer is important for the maintenance of protein stability 66 , further suggesting that BRCA1 and BARD1 require each other for most, if not all, of their cellular functions.
To accommodate the diverse nature of BRCA1 func tions in the DNA damage response, a multifactorial model was proposed that requires BRCA1 to exist as part of distinct macromolecular protein complexes 67 . This originated from earlier studies indicating that BRCA1 interacts with CtIP and BACH1, and that their respec tive association with BRCA1 dictated distinct damage induced cell cycle checkpoints 6, 54 . To date, at least three distinct BRCA1containing protein complexes have emerged 36, 41 . Although they all contain BARD1, each protein complex has distinct subunits, as BRCA1 is thought to interact with phosphorylated CtIP, BACH1 or abraxas through its BRCT domain in a mutually exclusive manner. Below, we summarise the distinct and overlapping functions of each of these BRCA1 macro complexes. For simplicity, we have adopted the existing nomenclature and refer to the three BRCA1 complexes as BRCA1A, BRCA1B and BRCA1C 36 (TABLe 1) .
BRCA1A is involved in G2-M checkpoint control
The BRCA1A complex is made up of RAP80, abraxas, BRCC36, BRCC45 (also known as BRe) and media tor of RAP80 interactions and targeting subunit of Complex formation is mediated through the BRCA1 coiled-coil domain. As the BRCC complex contains BRCC36 and BRCC45, it is likely that PALB2 and BRCA2 are present in the other BRCA1 BRCT domain-dependent complexes.
G2-M checkpoint
A DNA damage-induced transient cell cycle arrest at the G2-M border, usually associated with CHK1 phosphorylation and activation.
Proteasome
A large protein complex that is responsible for breaking down polyubiquitylated proteins.
G1-S checkpoint
A checkpoint that ensures growing conditions are optimal before cells are committed to one round of DNA replication and cell division.
Intra-S phase checkpoint
ATM-and ATR-dependent transient inhibition of DNA replication in response to DNA damage. Defects in an ionising radiation-induced intra-S phase checkpoint cause radioresistant DNA synthesis.
DEAH helicase family
A family of proteins that use ATP and unwind nucleic acids, which have a conserved DeAH box.
40 kDa (meRIT40; also known as NBA1), which ena ble the targeting of BRCA1 to DSBs (fIG. 1) . BRCA1A is involved in G2-M checkpoint control and ensures that entry into mitosis is transiently inhibited to avoid aber rant chromo some segregation [36] [37] [38] 40, 41 . It is notable that, although cells depleted of RAP80 and abraxas exhibit impaired accumulation of BRCA1 at damageinduced foci and display defects in BRCA1dependent G2-m checkpoint activation, the phenotypes and magnitude of defects in these cells are mild compared with BRCA1 deficient cells. These observations suggest that BRCA1 potentially also regulates the G2-m checkpoint through different mechanisms (see below).
BRCA1 participates in G2-m checkpoint control partly by regulating the phosphorylation status of CHk1 (Ref. 59) . Intriguingly, the ability of BRCA1A to accumu late at the damageinduced foci correlates with proper G2-m arrest on DNA damage. As a result, deficiencies in the signalling proteins that are required for sustained accumulation of BRCA1 at DSB sites result in compro mised G2-m checkpoint activation 29, 30, 68 . Although it remains unclear how the targeting of BRCA1 to DSBs promotes CHk1 phosphorylation, one possibility is that BRCA1 may modify the local chromatin structure through substrate ubiquitylation at DSBs to enhance ATm signalling. Alternatively, accumulation of BRCA1 at damageinduced foci may also enhance CHk1 phos phorylation indirectly by acting as a scaffold protein at DSBs 59 . In addition to RAP80 and abraxas, BRCA1A contains BRCC36 and BRCC45 (RefS 69,70), both of which were identified in an early study as components of the BRCC complex, which also contains BRCA1, BRCA2 (also known as FANCD1), partner and localizer of BRCA2 (PAlB2; also known as FANCN) and RAD51 (Ref. 70) . Although there is no experimental evidence to indicate that the BRCA1A and BRCC complexes interact and assemble in vivo, the similar requirement for these com plexes in cell survival and checkpoint control following DNA damage implies that this is a possibility. BRCC36 and BRCC45 were found to promote the e3 ubiquitin ligase activity of the BRCA1-BARD1 heterodimer 70 . Consistent with roles of BRCC36 and BRCC45 in the DNA damage response pathway, depletion of either of these factors abrogated the accumulation of BRCA1 at damageinduced foci and rendered cells hyper sensitive to DNA damaging agents. Interestingly, part of the BRCC36 coding sequence shares homology with the JAB1/mPN/mOV34 metalloenzyme catalytic domain (JAmm; also known as mPN+) of JAmm family deubiq uitinases 71 and can hydrolyse lys63linked ubiquitin chains 41 . Although the exact role of the deubiquitinase activity of BRCC36 remains unknown, the fact that this BRCA1 complex has opposing activities that potentially regulate the ubiquitylation status of its bona fide sub strates underlines the complex and dynamic regulation of BRCA1 functions at DSBs. more recently, meRIT40 was identified as the fifth element of the BRCA1A complex [72] [73] [74] . meRIT40 sta bilizes various components of the BRCA1A complex, which in turn allows optimal targeting of BRCA1 to DSBs. Interestingly, detailed bioinformatics analyses 72 have shown that the structure of the BRCA1A complex has striking similarities to the domain organization of the 19S complex of the proteasome, which reveals that many BRCA1A components bind ubiquitin. With the exception of RAP80, which binds specifically to lys63 linked ubiquitin chains, BRCC36, BRCC45, abraxas and meRIT40 were all shown to associate with both lys48 and lys63linked ubiquitin polypeptides 72 . Whether this is achieved through the various putative ubiquitinbinding domains, namely the ubiquitin e2 variant (ueV) domain of BRCC45, the mPN+ domain of BRCC36, the mPN-domain of abraxas and the von Willebrand A (VWA) domain of meRIT40, remains to be determined. However, the association with ubiqui tin chains is particularly interesting as it highlights an integral role for BRCA1A in ubiquitylation and suggests that assembly of BRCA1A might control the dynamics of local ubiquitylation events 72 . It is also noteworthy that, apart from uIm domaincontaining RAP80, these putative ubiquitin domaincontaining proteins seem to show a preference for ubiquitin chains of eight or more subunits. It is thus tempting to speculate that these ubiquitin binding events stabilize RAP80 uIm mediated docking at ubiquitinmodified chromatin structures irrespective of chain or substrate specificities. This possibility and the identities of the proteins that are modified by lys63linked ubiquitin chains at the DNA damage sites warrant further investigation.
BRCA1B is involved in DNA replication
The BRCA1B complex is made up of BACH1 and topoisomerase IIbinding protein 1 (TOPBP1) (fIG. 1) . Replication stress and DNA synthesis across DSBs or DNA lesions often result in stalling or collapse of rep lication forks. To circumvent the deleterious nature of these DSBs, the cell has evolved strategies to transiently inhibit DNA synthesis, thereby allowing repair to occur before DNA synthesis resumes. These are collectively known as replication checkpoints and include the G1-S checkpoint and the intra-S phase checkpoint. BRCA1 has been ascribed roles in both of these checkpoint controls 75, 76 , thereby ensuring genome stability during S phase of the cell cycle.
BACH1 was first described as a member of the DeAH helicase family that binds to the BRCT domain repeats of BRCA1 (Ref. 35 ). Subsequent work indicated that BACH1 is phosphorylated on Ser990 in a cell cycledependent manner, and this phosphorylation event is required for its association with BRCA1 (Ref. 6.) Interestingly, the BRCA1-BACH1 interaction can be readily detected during S phase 6 and BRCA1 is required for progression through S phase 77 , which suggests that these two pro teins probably work together during DNA replication. moreover, the BRCA1-BACH1 complex is required for the illdefined G2 accumulation checkpoint (which is dis tinct from the G2-m checkpoint) after DNA damage 6, 54 . Because BACH1 is not involved in damageinduced CHk1 phosphorylation and the G2-m transition, the intrinsic differences between these checkpoint control mechanisms remain to be determined. TOPBP1, which has been implicated in DNA rep lication and replication checkpoint control 78, 79 , was only recently described as a component of the BRCA1-BACH1 complex 67 . It is detected after ionising radiation induced DSBs or thymidine treatment, which depletes the cellular pool of dCTP and results in stalling and collapse of replication forks.
Several lines of evidence support a role for the BRCA1B complex in S phase to ensure genome integrity. First, all three proteins (BRCA1, BACH1 and TOPBP1) are loaded onto replication origins and facilitate DNA replication initiation by mediating the loading of the rep lication licensing factor CDC45l (RefS 67,80,81) . Second, the three proteins are required for timely S phase progres sion [77] [78] [79] . Third, BACH1 directly interacts with TOPBP1 during S phase, and their molecular interaction is essen tial for optimal loading of replication protein A (RPA; which binds singlestranded DNA (ssDNA)) onto the chromatin, suggesting that the BACH1-TOPBP1 asso ciation monitors normal DNA replication and facilitates replication stressinduced checkpoint activation (Z. Gong and J.C., unpublished observations). Taken together, these results suggest that the BRCA1B complex pro bably has a role in DNA replication to ensure the proper activa tion of the replication checkpoint in response to stalled replication forks.
BRCA1C is involved in DNA end resection
The BRCA1C complex is composed of CtIP and the meiotic recombination 11 (mRe11)-RAD50-NBS1 complex (mRN complex), which has an essential role in damage detection and ATm signalling. Both CtIP and the mRN complex are thought to function in HRmediated DNA repair. HRmediated repair operates during the S and G2 phases of the cell cycle, when sister chromatids are available. To facilitate this DNA repair, DSBs need to be processed to generate ssDNA regions, which allow assimilation of the DNA recombination repair protein RAD51. Recent work by several groups suggested that optimal resection of DNA ends requires the concerted actions of the mRN complex, CtIP, the 5′-3′ doublestranded DNA exonuclease exo I and the helicase Bloom syndrome protein (Blm) [82] [83] [84] [85] [86] . Of these, CtIP is of particular interest because it lacks any known functional domains aside from a poorly under stood SumOactivating enzyme subunit 2like motif at its C terminus. CtIP promotes DNA end resection by interacting and stimulating the nuclease activity of the mRN complex 83 . Phenotypical analyses revealed that depletion of CtIP markedly reduced ssDNA generation and damageinduced RPA focus formation. This, in turn, impaired the loading of the ATR-ATRinteracting protein (ATRIP) complex, which is important for G2-m checkpoint activation. Interestingly, CtIP is phosphor ylated at Ser327 and interacts with BRCA1 during the S-G2 phase of the cell cycle, when HRmediated repair is more prominent 54 , suggesting that BRCA1 might also participate in DNA end resection. In line with this pos sibility, the interaction of BRCA1 with components of the mRN complex is mediated by cyclindependent kinases and is dependent on phosphorylation, which can be further stimulated by genotoxic stress 87 . moreover, BRCA1 is required for efficient ssDNA generation at DSBs 87, 88 . This is supported by the observation that the accumulation of RPA (which indicates DNA 'single strandedness') at damageinduced foci is reduced in BRCA1deficient cells at early time points, which sug gests defects in DNA resection. DNA resection is an early event in DNA repair and checkpoint activation, indicating that the BRCA1C complex is involved early in both HRmediated repair and ATR-ATRIPdependent G2-m checkpoint activation.
Because BRCA1 is not known to have any nuclease or helicase domains, it is tempting to speculate that BRCA1 might act as a scaffold to stabilize the mRN-CtIP com plex formation, which is important for DNA end resec tion. Interestingly, a recent study in chicken DT40 cells suggested that BRCA1 might act as a switch to activate CtIPdependent DNA end resection specifically during the S-G2 phase progression 89 . The authors found that a phosphorylationdefective CtIP mutant, which does not associate with BRCA1, displayed reduced accumu lation in damageinduced ssDNA and was defective in HRmediated repair. Whether BRCA1 serves a similar purpose in mammalian cells remains to be confirmed. Nevertheless, these studies highlight the intriguing possi bility that BRCA1 might modulate HRmediated repair partly through coupling DNA end resection and G2-m checkpoint control, thereby ensuring that appropriately processed substrates for HRbased DNA repair are ready when homologous templates are available.
Functional redundancy among BRCA1 complexes
In addition to the BRCA1A complex, CtIP is required for damageinduced phosphorylation of CHk1 and G2-m checkpoint activation 54 . Because deficiency in compo nents involved in the pathways that ensure the accumu lation of BRCA1 at damageinduced foci do not fully recapitulate the magnitude of defects in G2-m check point activation, it is likely that the BRCA1C complex also contributes to part of the BRCA1dependent G2-m checkpoint control. Consistent with this possibility, cells expressing a phosphorylationdefective CtIP mutant that cannot bind BRCA1 exhibit defects in damageinduced CHk1 phosphorylation and G2-m checkpoint control 55 . The BRCA1C complex might enforce the G2-m check point control through its role in DNA end resection. Recent studies suggested that RPAcoated ssDNA is the recruiting factor for ATR-ATRIP loading onto the dam aged chromatin, which in turn facilitates the activation of the G2-m checkpoint 90 . In addition, BRCA1 was also reported to interact with phosphorylated ATRIP 91 . Thus, it is likely that BRCA1 and its distinct macrocomplexes participate in many aspects of the cellular response to DNA damage to ensure efficient cell cycle arrest.
The apparent complexity of BRCA1 roles in the DNA damage response also stems from our limited under standing of the many pathways that govern BRCA1 teth ering to chromatin. Although sustained localization of BRCA1 at DSBs requires the canonical H2AX pathway, the mechanistic basis underlying its accumulation onto ssDNA regions remains unknown 92 . In addition, because
Radial chromosome
An abnormal chromosome structure that results from pairing of homologous or non-homologous metaphase chromosomes. These structures are observed in chromosome spreads prepared from cells with an underlying chromosome instability, such as cells from patients with fanconi anaemia, Bloom syndrome and ataxia telangiectasia.
Gene conversion
A non-reciprocal recombination process that results in an alteration of the sequence of a gene to that of its homologue.
Isogenic
Here, refers to a genotype that has been engineered to be identical to another genotype, with the exception of one or more mutations of interest.
H2AX is dispensable for the initial recruitment of many DNA damage response elements, including the accumu lation of BRCA1 onto DSBs 93 , it is possible that the trans ient localization of BRCA1 at DNA lesions might occur independently of H2AX and that this localization might suffice for at least some of its functions. Indeed, mice with deficiencies in various components of the DNA damage signalling pathway that are important for the accumula tion of BRCA1 at damageinduced foci, including H2AX and mDC1, have a mild phenotype compared with wild type mice, which indicates that these components are not essential for cell survival 26, 94, 95 . Given the putative role of the mRN complex in DNA lesion detection, it is likely that some of these BRCA1 functions at damagemodified chromatin might be achieved through its direct interaction with the mRN complex 96 without the requirement for its sustained retention at chromatin. Future studies will be needed to address these possibilities.
BRCA1 and DNA repair
Although recent studies have revealed new ways through which BRCA1 facilitates DNA repair, a role for BRCA1 in HRmediated repair 97 was first described a decade ago. This was partly on the basis of its stable complex formation with BRCA2 (Ref. 98) (BOX 2), which has a well defined role in HRmediated DNA repair through its direct interaction with RAD51 (RefS 23,99,100 ). BRCA2 initiates HRmediated DNA repair by recruiting RAD51 to sites of DNA damage and facilitating its assimilation onto ssDNA. Recent work identified a new component, PAlB2, as an upstream factor that is required for chro matin loading of BRCA2 and RAD51 (Ref. 101) . Similar to BRCA2 deficiency, deficiency in PAlB2 severely impairs HRmediated repair. Interestingly, in addition to patients with breast and ovarian cancer, both PAlB2 and BRCA2 were found to be mutated in individuals with the cancerpredisposing disease Fanconi anaemia (see below). Cells derived from patients with Fanconi anaemia are especially sensitive to DNA crosslinking agents and often display radial chromosomes, a hallmark of Fanconi anaemia cells [102] [103] [104] [105] . Given that HRmediated repair is one of the main pathways involved in the repair of DNA cross links, these observations indicate that both PAlB2-BRCA2 and the BRCA1 pathway are involved in this process.
How does BRCA1 regulate DNA repair? Besides its possible roles in DNA end resection (discussed above), direct evidence for BRCA1 in DNA repair was also revealed by recent studies that identified PAlB2 as the bridging factor required for the BRCA1-BRCA2 asso ciation 106, 107 . The BRCA1-PAlB2 interaction, mediated by their respective coiledcoil domains, was found to promote HRmediated repair. Importantly, missense mutations identified in the PAlB2binding region on BRCA1 disrupted the specific interaction of BRCA1 with PAlB2 (Ref. 106) and compromised DNA repair in a gene conversion assay. This indicates that impaired HRmediated repair is one of the fundamental causes of the genomic instability and tumorigenesis that is observed in a subset of patients with BRCA1 muta tions. Although these studies revealed a molecular link between BRCA1 function and HRmediated repair, the mechanism by which BRCA1 promotes HR through the PAlB2-BRCA2-RAD51 axis remains unclear.
BRCA1 has been reported to facilitate the accumula tion of BRCA2 and RAD51 in damageinduced foci 67, 92 . Intriguingly, mutations that result in a truncated BRCA1 that lacks its BRCT domains, and thus cannot accumu late at damageinduced foci, still supported the partial RAD51 accumulation at DNA damage sites 106, 108 . This suggests that BRCA1, in a manner that does not require its BRCT domains, might play an accessory part in HR through PAlB2. Because cells with mutations in PAlB2 that prevent binding to BRCA1 still retain their ability to form damageinduced foci at sites flanking a DSB 106 , it is possible that BRCA1 tethering at DSBs is normally an additional anchor point to facilitate PAlB2 accumula tion, which may be regulated by another factor that has yet to be identified. A nonmutually exclusive means by which BRCA1 might coordinate repair is supported by the fact that BRCA1 is also involved in DNA end resection, which is a prerequisite for RAD51 nucleo protein filament formation. Given that other BRCA1 BRCT domainbinding proteins, including CtIP and BACH1, are found in PAlB2 immunoprecipitates 106 , it remains to be tested whether BRCA1 has evolved to coordinate different steps in the HR reaction.
Despite the suggested requirement for the BRCA1 e3 ubiquitin ligase activity and its HR repair function in tumour suppression, a recent study challenged this notion and indicated that the ubiquitin ligase activity of BRCA1 may be dispensable for at least a subset of its functions 109 . using isogenic embryonic stem cells that express an enzymatically inactive BRCA1 mutant (Ile26Ala mutant), it was found that cells lacking ubiqui tin ligase activity and wildtype cells showed comparable levels of BRCA1 and HRmediated DNA repair. Thus, it seems that the ubiquitin ligase activity of BRCA1 is Studies have identified the breast and ovarian cancer type 2 susceptibility protein (BRCA2; also known as FANCD1) as an upstream factor required for RAD51 accumulation at DNA damage sites 99 . BRCA2 directly interacts with RAD51, is required for the loading of RAD51 onto ssDNA and is essential for HR-mediated repair. Partner and localizer of BRCA2 (PALB2; also known as FANCN) was recently identified as the recruiting factor for BRCA2 to DNA breaks 101 . PALB2-and BRCA2-deficiencies abrogated the formation of damage-induced foci at which RAD51 accumulates 103 , suggesting an epistatic relationship between the two repair factors. Nature Reviews | Molecular Cell Biology 
DNA decatenation
An ATP-dependent process for the resolution of replicated sister chromatids that requires topoisomerase II activity.
not absolutely required for all of its functions in vivo. However, cells expressing the catalytically inactive Ile26Ala mutant showed increased rates of damage induced chromosomal rearrangements 109 , which sug gests that BRCA1mediated protein ubiquitylation may be involved in a different aspect of the BRCA1 tumour suppression function. In this regard, BRCA1 is also known to participate in DNA decatenation by regulat ing the ubiquitylation status of topoisomerase IIA 110 . Furthermore, BRCA1 has also been ascribed a role in ensuring proper centrosome duplication during cell divi sion through the ubiquitylation of γtubulin 62 . It will also be important to see whether the BRCA1 Ile26Ala muta tion supports development and has a tumour suppressor role in mice, which would reveal the importance of the BRCA1 ubiquitin ligase activity in BRCA1 function.
How does BRCA1 relate to the Fanconi anaemia pathway?
Fanconi anaemia is a rare human genetic disorder that is characterized by various developmental defects and a high incidence of malignancies 111 . To date, at least 13 complementation groups have been assigned to this heterogeneous disease. Consistent with the observed increase in tumorigenesis among patients with Fanconi anaemia, Fanconi anaemia cells are highly sensitive to DNA crosslinking agents and show increased rates of chromosome breakage and sister chromatid inter changes. This phenotype is indicative of defective DNA repair and, in particular, of repair and removal of cross linked DNA, which is a common cause of the clinical features of the affected individuals 111, 112 . Interestingly, the successful identification of the proteins mutated in the 13 complementation groups revealed that three of them, namely BACH1, BRCA2 and PAlB2, have also been found mutated in heritable breast and ovarian can cers, with BRCA2 and PAlB2 being intimately involved in HRmediated DNA repair (discussed above). These results indicate a functional relationship between the proteins involved in the Fanconi anaemia pathway and the proteins that interact with BRCA1.
The mechanism by which BRCA1 is involved in the Fanconi anaemia pathway remains controversial. early reports suggested that BRCA1 interacts with Fanconi anaemia group D2 protein (FANCD2) and modulates its monoubiquitylation and the formation of damage induced foci 113 , and that BRCA1 deficiency results in phenotypes that resemble Fanconi anaemia. However, despite the known role of BRCA1-BACH1 in DNA damage repair, recent studies indicated that BACH1 mediated resistance to the crosslinking agent mito mycin C (to which Fanconi anaemia cells are highly sensitive) is independent of its interaction with BRCA1 (RefS 114, 115) . This suggests that BRCA1 may partici pate in the Fanconi anaemia pathway independently of its binding to BACH1.
Interestingly, clinical observations in which patients with mutations in Fanconi anaemia genes other than those encoding BRCA1, BRCA2, PAlB2 and BACH1 are not susceptible to breast and ovarian cancers suggest that the BRCArelated Fanconi anaemia components may participate in Fanconi anaemialike functions that do not entirely overlap with other Fanconi anaemia proteins. It is conceivable that the repair of crosslinked DNA occurs in multiple steps that involve different repair factors or repair machineries (fIG. 3) . As such, the Fanconi anaemia core (FANCA-FANCC, FANCe-FANCG, FANCl and FANCm) and FANCD2 in complex with FANCI might have an early role in the processing of crosslinked DNA, which may subsequently require the participation of HR repair factors (for example, BRCA1, BRCA2, PAlB2 and This type of replication stress might signal for the monoubiquitylation of FANCD2-FANCI and its consequent association with chromatin, which is mediated by the Fanconi anaemia core complex (FANCA-FANCC, FANCE-FANCG, FANCL and FANCM) (2) . It is thought that the Fanconi anaemia core and FANCD2-FANCI may be involved in the repair or removal of DNA cross links. Subsequently, the BRCA1 core complex (BRCA1, BRCA2 (also known as FANCD1), partner and localizer of BRCA2 (PALB2; also known as FANCN) and BRCA1-interacting protein carboxy-terminal helicase 1 (BACH1; also known as FANCJ and BRIP1)) would be loaded onto sites of DNA damage (3). This would facilitate the accumulation and nucleation of RAD51 filaments (4), ultimately leading to the repair of inter-strand DNA cross links and the subsequent reinitiation of DNA replication (5).
Chromatid exchange
The physical exchange of genetic material between identical sister chromatids. This process can be enhanced by treatment with DNA damaging agents, such as the cross-linking agent mitomycin C. BACH1) to repair the break. In line with this idea, DNA crosslinking agents trigger replicationdependent DSBs, which are commonly repaired through sister chromatid exchange 116 . Notably, in the absence of efficient or func tional HRmediated repair, cross linkinduced DSBs give rise to radial chromosomes. Given that BRCA1 is inti mately involved in HRmediated repair, it is tempting to speculate that BRCA1 might mediate the repair of processed crosslinked DNA, failure of which contrib utes to the Fanconi anaemialike phenotype observed in BRCA1 mutant cells. In support of this model, a recent study revealed the coupling of DNA replication and concentration of the BRCArelated Fanconi anaemia proteins (PAlB2, BACH1 and FANCD1) to DNA cross links in vivo 117 . Although it remains to be seen whether BRCA1 recruitment to DNA cross links resembles that of BRCArelated Fanconi anaemia proteins, these results suggest that cross link repair involves at least two pathways and recognition signals.
Concluding remarks and perspectives
The multifunctional nature of BRCA1 in maintaining genome integrity can be appreciated by its ability to form various distinct protein complexes, each of which is ded icated to a specific cellular function in the DNA damage response pathway. Notably, these BRCA1containing macrocomplexes have ascribed roles in cell cycle check point control and DNA repair, and at times participate in different steps of a common reaction to complement each other and ensure a full response to DNA damage. This is not surprising considering that checkpoint con trol is tightly coupled with DNA repair. Thus, BRCA1 is emerging as the central component involved in multiple aspects of DNA damage responses, which together aim to promote cell survival and genomic stability follow ing genotoxic stress. Interestingly, inactivation of the DNA damage mediator tumour suppressor p53binding protein 1 (TP53BP1) was recently shown to alleviate senescence and cell death associated with BRCA1 defi ciency 118 , suggesting that cell cycle checkpoint and repair defects in the absence of BRCA1 may be exploited by TP53BP1dependent pathways and converted to delete rious signals. Given the prominent role of TP53BP1 and BRCA1 in nonhomologous end joining and HR path ways, respectively, it will be interesting to see whether DNA lesions in the absence of BRCA1 may be processed by alternative repair pathways involving TP53BP1.
Although studies from recent years have greatly broadened our current views of the BRCA1dependent DNA damage responses, it remains to be seen whether additional players might be involved in this intertwined BRCA1 network. As such, it would be interesting to scrutinize coding regions on BRCA1 other than the RING domain and tandem BRCT repeats, which are targeted by clinical mutations. The recent identification of PAlB2 as a new BRCA1binding factor illustrates the existence of many possible routes by which BRCA1 func tions in the maintenance of genome stability and tumour suppression. For example, a recent study indicated that the central region of BRCA1 enables its interaction with DNA 119 . Whether and how these findings eventually translate into functional attributes of BRCA1 awaits further research.
Another major challenge in the field of BRCA1 research is to elucidate the roles of each protein in the BRCA1 complex. The presence of the deubiquitylase BRCC36 in the BRCA1A complex is especially intrigu ing and warrants further study. A recent report revealed that inhibition of BRCC36 partially restored the DSB associated ubiquitin conjugates and damageinduced foci, where TP53BP1 accumulates, in cells depleted of the e3 ubiquitin ligase RNF8 (Ref. 120) . This suggests that BRCC36 normally deubiquitylates the substrate of RNF8 and uBC13 at DSBs. It remains to be deter mined whether BRCC36dependent deubiquitylation is required for checkpoint recovery or whether it functions to supply a local pool of free ubiquitin by enzymatically deconjugating lys63linked polyubiquitin chains, which in turn allows BRCA1 to efficiently catalyse ubiquityla tion of its substrates.
Studies from the past few years have provided the structural framework for our current understanding of the function of BRCA1 and its network of proteins that are involved in the DNA damage response pathway. To fully appreciate the role of BRCA1 in the maintenance of genome stability, more indepth analyses will be needed to fill in the gaps in the numerous working models involving BRCA1. Although the link between BRCA1 and breast cancer is uniquely related to humans, the bio logical roles of BRCA1 homologues in other organisms await to be elucidated. understanding the conserved and fundamental cellular functions of this tumour sup pressor may reveal unprecedented insights into how and why functions of human BRCA1 have diverged during the course of evolution. This will probably require a combination of genetic, biochemical and structural approaches to investigate the biology of BRCA1 and its binding partners. until then, the question of how BRCA1 exerts its tumour suppressor activity will linger for just a little longer.
